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Abstract
Our understanding of the low-lying resonance structure in 12C remains incomplete. We have used the 11B(p, 3α)γ
reaction at proton energies of Ep = 0.5–2.7 MeV as a selective probe of the excitation region above the 3α threshold
in 12C. Transitions to individual levels in 12C were identified by measuring the 3α final state with a compact array
of charged-particle detectors. Previously identified transitions to narrow levels were confirmed and new transitions to
broader levels were observed for the first time. Here, we report cross sections, deduce partial γ-decay widths and discuss
the relative importance of direct and resonant capture mechanisms.
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1. Introduction
The p+11B reaction has been extensively used to study
the excitation structure of the 12C nucleus. This includes
measurement of proton widths Γp, the partial γ widths Γγ0
and Γγ1 to the two lowest levels in 12C, and the partial α
widths Γα0 and Γα1 to the two lowest levels in 8Be [1, 2, 3].
The focus of the present work are the two isospin T = 1
resonances occurring at proton energies of Ep = 2.00 MeV
and 2.64 MeV which correspond to the levels 17.76, 0+
and 18.85, 3−.1 The γ decay of these levels to lower-lying,
unbound levels in 12C was studied by Hanna et al. [4] who
identified two rather strong transitions feeding two narrow
levels above the 3α threshold: 17.76, 0+→ 12.71, 1+ and
18.35, 3−→ 9.64, 3−.
Using the conventional approach of detecting the γ
transitions with a large scintillator, Hanna et al. could not
have identified weak transitions or transitions to broad lev-
els. Recently, such transitions have been studied using a
technique where the final level is identified by measuring
the momenta of the three α particles resulting from its
breakup [5, 6, 7]. Here we wish to explore, first, if γ tran-
sitions from the levels 17.76, 0+ and 18.85, 3− to broad,
lower-lying levels similar to those observed in Ref. [7] can
be identified, and second, if the strength of the transitions
already observed by Hanna et al. can be confirmed with
this indirect detection method.
∗Corresponding author
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1Throughout this paper the notation Ex, Jpi is used to denote
excited nuclear levels, Ex being the excitation energy in MeV and
Jpi the spin and parity.
2. Experiment
The experiment was performed at the 5 MV Van der
Graaf accelerator at the Department of Physics and As-
tronomy at Aarhus University. The proton beam was di-
rected on the target using electrostatic deflection plates
and a magnetic bending stage. The beam size was defined
by two variable apertures placed after the magnet both set
at a separation of 2mm and placed 0.5m apart.
The ion energy was adjusted by means of a generating
voltmeter, which was calibrated on an absolute scale using
the 27Al(p, α)24Mg and 27Al(p, γ)28Si reactions. The en-
ergy spread of the beam was less than 1 keV. Beam intensi-
ties of several 100 nA can be delivered by the accelerator,
but only beams of less than 1 nA were used for the ex-
periment discussed here. The beam current was measured
by a Faraday cup placed in a 1m long beam pipe down-
stream of the target chamber, specially designed to reduce
the amount of beam back-scattered from the Faraday cup
to the detector setup.
Long measurements were performed at proton energies
of Ep = 2.00 MeV and 2.64 MeV. At the lower energy, a
total of 295 µC was directed on the target over a period
of 211 hours, which corresponds to an average current of
0.39 nA. For the higher energy setting, the corresponding
numbers are 124 µC, 77 hours, and 0.45 nA. Additionally,
multiple, short measurements were performed across the
energy range 0.5–3.5 MeV as reported in Ref. [8].
The target consisted of a layer of 12.6(1.2) µg/cm2
isotope-enriched 11B deposited on a 4 µg/cm2 carbon back-
ing [8]. The target was placed in the middle of a compact
array of double sided Si strip detectors (DSSDs) at an an-
gle of 45◦ with respect to the axis defined by the beam, as
shown in Fig. 1. Annular DSSDs with 24 ring strips and
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Figure 1: Schematic illustration of the detector setup which con-
sisted of two annular and two square double-sided silicon strip detec-
tors. The proton beam enters the setup through one annular detector
and exits through the other. The 11B target is placed in the middle
of the setup at a 45◦ angle with respect to the beam axis.
32 annular strips were placed upstream and downstream
of the target, and two square DSSDs with 16 horizontal
strips and 16 vertical strips were placed on either side of
the target orthogonal to the beam axis.
The electronics and data acquisition consisted of a VME
based system with ADCs and TDCs fed by signals from a
chain of preamplifiers and amplifiers. The dead time was
around 10% with trigger rates of several kHz.
3. Event selection
The data is analyzed following an approach similar to
that of Laursen et al. [7]. Particle energies and hit posi-
tions on the DSSDs are determined by requiring an energy
difference of at most ±50 keV in front and back strips. En-
ergy conservation cannot be used as a condition to reduce
unwanted background because we are searching for events
where some of the energy is carried away by a γ ray. How-
ever, the momentum carried away by the γ ray is suffi-
ciently small that we can require momentum conservation
of the three α particles. Hence, 3α events are identified
as triple coincidence events fulfilling both a TDC cut of
±15 ns and momentum conservation, but not necessar-
ily energy conservation. Additional kinematic cuts were
applied to further suppress unwanted backgroud due to
random coincidences involving p + 11B and p + p elastic
scattering.
Figures 2 and 3 show scatter plots of the total momen-
tum in the centre of mass (c.m.) frame versus the 12C
excitation energy calculated from the triple-coincidence
events. The intense groups of events just below and
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Figure 2: Triple-concidence data obtained at Ep = 2.00 MeV. The
x axis is the excitation energy in 12C, and the y axis is the total
momentum in the centre of mass frame, both determined from the
energies and positions of the three detected particles. The events
enclosed by the red contour fulfill momentum conservation, but not
energy conservation, and are therefore interpreted as γ-delayed 3α
emissions from 12C.
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Figure 3: Triple-concidence data obtained at Ep = 2.64 MeV. The
axes are the same as in Figure 2.
just above Ex = 18 MeV in the two figures correspond to
3α decays directly from the levels 17.76, 0+ and 18.85, 3−,
respectively. These events fulfill both energy and momen-
tum conservation. The events further to the left from these
intense regions are interpreted as events where some of the
energy is carried away by a γ ray, and they are therefore
the events of interest.
Figures 4 and 5 focus specifically on those events ful-
filling momentum conservation, but not energy conserva-
tion. The upper panels show scatter plots of the exci-
tation energy in 12C versus the individual energies of the
three α-particles in the 12C rest frame. These scatter plots
show the different 3α breakup mechanisms of the levels in
12C populated in the γ decays. The diagonal lines from
the lower left to the upper right represent breakups that
proceed by α decay to the ground state of 8Be. Owing
to parity and angular momentum conservation this decay
mechanism is only allowed for natural-parity levels in 12C.
The two α particles from the subsequent breakup of 8Be,
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Figure 4: γ-delayed 3α spectra obtained at Ep = 2.00 MeV. Panel
(a) is a scatter plot of the excitation energy in 12C versus the individ-
ual energies of the three detected α particles in the 12C rest frame.
The positions of selected known levels in 12C are indicated. Panel
(b) is the projection of the scatter plot on the excitation energy axis.
The shaded histogram is obtained by selectively projecting events in
which the 3α breakup proceeds via the ground state of 8Be. The
green and magenta (short- and long-dashed) curves show the detec-
tion efficiencies determined from Monte-Carlo simulations.
detected in coincidence with the primary α particle, form a
broad band running from left to right with half the slope
of the upper diagonal. The positions of known levels in
12C are indicated on the scatter plots.
The lower panels of Figures 4 and 5 show the projec-
tions of the scatter plots on the excitation energy axes with
the shaded histograms providing the projection selectively
for the events on the diagonals, which fulfill the condition
E2α < 210 keV for at least one pair of α particles, E2α
being the relative kinetic energy of the pair. The coloured
curves on these plots will be discussed later. From the trig-
ger rate and the width of the TDC gate we estimate the
number of random coincidences to be 6 events in Figure 4
and 9 events in Figure 5.
The transitions identified by Hanna et al. [9], namely
17.76, 0+→ 12.71, 1+ and 18.35, 3−→ 9.64, 3−, are clearly
identifiable in Figure 4 and 5, respectively. In addition
to these, there is clear evidence for additional transitions.
These will be discussed further later.
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Figure 5: Similar to Figure 4 but for Ep = 2.64 MeV.
4. Cross sections
We determine the capture cross section, σγ , from the
number of observed events in each excitation energy bin,
taking into account the triple-α detection efficiency, the
target thickness, the integrated current on target, and the
dead-time of the data acquisition system. The cross sec-
tions thus obtained at Ep = 2.00 MeV and 2.64 MeV are
summarized in Table 1 and 2, respectively.
The detection efficiency depends on the 3α breakup
mechanism and differs significantly between breakups that
do and do not proceed via the ground state (g.s.) of
8Be. The green and magenta (short- and long-dashed)
Table 1: 11B(p, 3α)γ cross section at Ep = 2.00 MeV. Ex is the 12C
excitation energy inferred from the momenta of the three α particles;
σγ is the cross section and is subject to an additional 10% systematic
uncertainty from the target thickness; the events are divided into two
groups: those that correspond to breakups proceeding via the 8Be
ground state (gs) and those that do not (exc). The first energy bin
(I) is not included since all the events in this bin are attributed to
p+ 10B.
Bin Ex (MeV)
σγ (µb)
gs exc tot Ref. [4]
II 9.2–10.0 0.18(9) 0.005–0.11 0.24(10)
III 10.0–11.3 1.56(27) 0.21(11) 1.77(29)
IV 11.3–12.3 0.27(8) 1.6(5) 1.8(5)
V 12.3–13.0 0.09(4) 13.9(26) 14.0(26) 6.5(26)
VI 13.0–14.5 0.25(7) 0.9(4) 1.2(4)
VII 14.5–16.0 0.13(5) 1.6(5) 1.8(5)
3
Table 2: 11B(p, 3α)γ cross section at Ep = 2.64 MeV. See caption
of Table 1 for further information.
Bin Ex (MeV)
σγ (µb)
gs exc tot Ref. [4]
II 9.3–9.9 2.4(7) 0.08–0.5 2.7(7) 4.2(17)
III 9.9–11.3 1.3(4) 0.06–0.4 1.6(4)
IV 11.3–12.3 0.59(18) 1.6(7) 2.1(7)
V 12.3–13.0 0.15(7) 1.6(6) 1.7(6)
VI 13.0–14.5 0.26(11) 1.3(5) 1.5(6)
VII 14.5–16.5 0.71(19) 4.5(15) 5.2(15)
curves in the lower panels of Figures 4 and 5 show the
detection efficiencies determined from Monte-Carlo simu-
lations. For the excited channel, phase-space (Φ) simu-
lations were used to estimate the detection efficiency in
all excitation energy bins, except the bins containing the
11.83, 2− and 12.71, 1+ levels where more accurate mod-
els [10] were used. The error resulting from adopting
the phase-space approximation is estimated to be at most
∼ 15%, which we include as an additional uncertainy on
the detection efficiency for those energy bins where phase-
space simulations were used. For the other bins, and for
the g.s. channel where the angular distributions of Ref. [8]
were used, we adopt a 5% model uncertainty.
We note that the ratio of triple-coincidence events to
single events predicted by the simulation for the g.s. chan-
nel is 15% below the experimental ratio. We ascribe this
to inaccuracies in the representation of the beam-target-
detector geometry in the simulation and account for it by
including an additional 15% uncertainty on our efficiency
estimate. We find the detection efficiency to be insensi-
tive to uncertainties in the ADC thresholds, except for the
lowest excitation energy bin (Ex < 9.2 MeV) where ADC
thresholds contribute an estimated 8% to the overall uncer-
tainty. These uncertainty contributions are all added up in
quadrature, and finally added linearly with the statistical
counting uncertainty to obtain the overall uncertainty on
the cross section in each excitation energy bin.
5. Deduced γ-ray widths
The excitation functions of the γ rays to the 9.64, 3−
and 12.71, 1+ levels have been measured in considerable
detail in the energy range Ep = 1.8–3.0 MeV by Hanna
et al. [4] by means of conventional γ-ray spectroscopy.
Both excitation functions were found to be resonant, al-
lowing the authors to attribute the γ rays to the tran-
sitions 17.76, 0+→ 12.71, 1+ and 18.35, 3−→ 9.64, 3−,
respectively. One drawback of the indirect experimental
approach adopted in the present work, which involves de-
tecting the three α particles rather than the γ ray, is the
reduced event rate compared to conventional γ-ray spec-
troscopy. Therefore, excitation functions could not be ob-
tained in a reasonable amount of time and measurements
were limited to a few selected beam energies. In the ab-
sence of excitation functions to support a resonant inter-
pretation of the measured cross sections, we rely on the
findings of Hanna et al. [4] concerning the resonant char-
acter of the γ rays to the 9.64, 3− and 12.71, 1+ levels,
as well as theoretical estimates of the direct-capture cross
section, to justify a resonant interpretation of the new γ
rays observed in this work. The theoretical estimates of
direct-capture cross section will be discussed next.
5.1. Direct capture
For the purpose of estimating the (E1) direct-capture
capture cross section, we adopt the model of Rolfs [11]
which approximates the many-nucleon problem by a two-
body problem in which the projectile and target are treated
as inert cores and their interaction is described by a square-
well potential with the depth adjusted to reproduce the
binding energy of the final state. This simple model was
found to yield accurate results for the capture reaction
16O(p, γ) to the two bound levels in 17F, which both are
well described by a simple, single-particle configurations
involving only a single orbital [11].
Here, we apply the model to capture transitions to lev-
els in 12C which are not well described by single-particle
configurations and also are unbound with respect to de-
cay to the 3α final state. Therefore, we do not expect
the model to be very accurate and will use its predictions
merely as order-of-magnitude estimates, accurate only within
a factor of 2–3 or so.
Estimates of the direct capture-cross section to four
known levels in 12C computed with the model of Rolfs us-
ing the parameters listed in Table 3, are shown in Fig. 6.
The computed cross sections are proportional to the as-
sumed spectroscopic factor, which is not predicted by the
model itself. For the 12.71, 1+ level we take the spectro-
scopic factor from Ref. [12]. For the remaining levels we
use the average values of the spectroscopic factors com-
piled in Ref. [13], noting that there is a substantial spread
(∼ 50%) in the spectroscopic factors obtained by different
authors. In all cases, we assume a single-orbital configu-
ration, with `i = 1 for the 12.71, 1+ level and `i = 2 for
the remaining levels. The channel radius was taken to be
4.38 fm.
The excitation functions measured by Hanna et al. [4]
(at 90◦) indicate that direct capture contributes at most ∼
Table 3: Parameters used for estimating the cross section for direct
capture to four levels in 12C based on the model of Ref. [11]. `i
are the orbital angular momenta in the entrance channel, `f is the
orbital angular momentum assumed for the final state, and S is the
spectroscopic factor. The spectroscopic factor of the 12.71, 1+ level
was taken from Ref. [12]; for the remaining levels we use the average
values of the spectroscopic factors reported in Ref. [13]. The channel
radius was taken to be 4.38 fm.
Ex (MeV) Jpi `i `f S
9.64 3− 1,3 2 0.30
10.84 1− 1,3 2 0.23
11.83 2− 1,3 2 0.11
12.71 1+ 0,2 1 0.86
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Figure 6: Estimates of the cross section for p+ 11B direct capture
to four selected levels in 12C based on the model of Ref. [11].
10% to the total capture cross section to the 12.71, 1+ level
at Ep = 2.00 MeV, corresponding to 1.4 µb, which is within
a factor of two of the cross section predicted by the model
(2.6 µb). Similarly, the direct-capture contribution to the
cross section to the 9.64, 3− level can be estimated to be at
most ∼ 15% of the total capture cross section at 2.64 MeV,
corresponding to 0.4 µb, a factor of four below the model
prediction (1.6 µb). Thus, we conclude that our rather
crude model provides reasonable estimates of the direct-
capture cross section, with a tendency to overestimate the
actual cross section by a factor of two to four. Comparing
the predicted direct-capture cross sections (Fig. 6) to the
measured total capture cross sections (Tables 1 and 2), we
conclude that resonant capture is likely to be the dominant
mechanism in most energy bins, but with a substantial
contribution from direct capture.
5.2. Resonant capture
The goal of the analysis is to calculate the partial γ
widths of the levels in 12C mediating the observed (res-
onant) capture transitions. For this we use the resonant
cross section formula,
σγ,R = 4piλ¯
2ωΓpΓγ/Γ
2 (1)
where ω = 18 (2J + 1) is the spin statistical factor appro-
priate for p+11B. Using this equation the partial γ decay
widths can be determined from the measured cross sec-
tions, provided the partial proton decay widths (Γp) and
the total widths (Γ) are known.
In Table 4, we list known levels in the excitation region
Ex = 16.5–18.5 MeV, which can mediate resonant captures
to lower-lying levels at the beam energies investigated in
this work. The levels and their properties are obtained
from the most recent TUNL compilation [13] with a few
exceptions, as discussed below. Fig. 7 gives a schematic
representation of the levels listed in Table 4. The quantity
y, shown on the abscissa, is calculated from the expression,
y(Ex) = 4piλ¯
2ωf(Ex)/Γ , (2)
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Figure 7: Schematic representation of the known levels in 12C in
the excitation region Ex = 16.5–18.5 MeV. The quantity y, shown on
the abscissa, is calculated from Eq. (2). The energies studied in this
work are indicated by the arrows. In each case, we give the integrated
current, corrected for the dead time of the data acquisition system.
Dashed lines indicate levels that were not found to contribute to the
cross sections measured in this work. Note that the 16.62-MeV level
has been downscaled by a factor of five for improved display.
where the resonance shape is approximated as a Breit-
Wigner distribution multiplied by the penetrability for the
lowest possible relative orbital angular momentum,
f(Ex) =
P`
Pˆ`
× (Γ/2)
2
(Ex − Eˆx)2 + (Γ/2)2
. (3)
We note that on resonance, σγ,R = yΓγΓp/Γ.
The energies (Eˆx) and total widths (Γ) of the levels
listed in Table 4 are generally well constrained, whereas
proton widths (Γp) are either missing or quoted without
uncertainties. Proton widths have typically been deter-
mined by subtracting the α widths (Γα0 , Γα1) from the to-
tal width. In particular, Γα1 has been poorly constrained
in previous experiments due to the complex 3α correla-
tions in this channel [2], and therefore the proton widths
should be used with some caution. Also, the possibility
should not be discounted that the excitation region 16.5–
18.5 MeV contains broad T = 0 levels with large α widths
(Γα > 1 MeV), which have not been clearly resolved in
previous studies.
We proceed by briefly reviewing the available data for
Table 4: Known levels in 12C between 16.5 MeV and 18.5 MeV.
Properties obtained from Ref. [13] with a few exceptions, as discussed
in the text. Values in parentheses indicate uncertain assignments.
Eˆx (MeV) Γ (keV) Γp (keV) Jpi T
16.62(5) 280(28) 150 2− 1
17.23 1150 1000 1− 1
17.768 96(5) 76 0+ 1
18.13 600(100) - (1+) (0)
18.16(7) 240(50) - (2−) (0)
18.35(5) 350(50) 68 3− 1
18.35(5) 350(50) - 2−, 2+ 0 + 1
(18.39) 42 33 0− (1)
5
each of the levels in Table 4. Unless otherwise stated,
the data is taken directly from the most recent TUNL
compilation [13].
16.62, 2−. The properties of this level are well established,
although the precision of Γp is unclear. The level is clearly
observed in (p, p), (p, α1), and (p, γ1), as established al-
ready in the 1950s and 1960s, e.g., Refs. [14, 2]. There
is also compelling evidence for smaller γ branches to the
ground state and the 12.71, 1+ and 15.11, 1+ levels [15],
but since the excitation functions were not measured the
evidence is not conclusive.
17.23, 1−. Owing to its large width, the level is not eas-
ily resolved. It is most clearly seen in (p, γ0) [2], while
its precise contribution to (p, p), (p, α0), and (p, α1) re-
mains somewhat uncertain. There is compelling evidence
for smaller γ branches to the 4.44, 2+, 7.65, 0+, 12.71, 1+,
and 15.11, 1+ levels [15], but since excitation functions
were not measured the evidence is not conclusive.
17.76, 0+. The level is seen very clearly in (p, p), (p, α0),
and (p, γ12.71). The total width has been determined rather
accurately by Hanna et al. and the proton width appears
reliable. The level energy of 17.768 MeV was determined
from the centroid of the resonance peak in the (p, α0) spec-
trum of Ref. [8].
18.13, 1+. Evidence for the existence of this level comes
from a single study of (p, γ15.11) [16]. There are no con-
straints on the proton width and the spin-parity and isospin
assignments are not conclusive.
18.16, 2−. Evidence for the existence of this level also
comes from a single study, in this case of (p, d) [17]. There
are no constraints on the proton width and the spin-parity
and isospin assignments are not conclusive. It was sug-
gested in Ref. [17] that the 18.16, 2− and 18.13, 1+ levels
might be one and the same level. Indeed, a spin-parity
assignment of 2− appears compatible with the data of
Ref. [16]. In the TUNL compilation [13], the two levels
are assumed to be one and the same, but here the 1+
spin-parity assignment of Ref. [16] is preferred, while the
level energy and width is taken from Ref. [17]. However,
the very different widths reported in the two studies con-
tradict a single-level interpretation. Therefore, we assume
the resonances reported in Refs. [16, 17] to correspond to
distinct levels.
18.35, 3− & 2−,2+. A multidude of experimental probes
provide evidence for the existence of at least two, if not
three, levels at 18.35 MeV, cf. the discussion in Ref. [18].
One of these levels, which is observed both in the spectra
of (p, α0) and (p, α1) and in the excitation curves of (p, γ0),
(p, γ1), and (p, γ9.64), has been firmly assigned as 3− and
isospin T = 1, with additional evidence to support this
assignment coming from (e, e′) and 11B(d, nα0) data [18].
On the other hand, (p, p′) and (pi, pi′) data provide substan-
tial evidence for the presence of an isospin-mixed 2− level
at 18.35 MeV with a width similar to that of the 3− level,
while (α, α′) data suggest a 2+ level at this energy with
isospin T = 0 [19]. γ rays to the 12.71, 1+ and 15.11, 1+
levels have also been observed at this energy [15], but in
the absence of yield-curve measurements they cannot be
attributed to the 18.35-MeV level(s) with certainty. Given
the complicated situation with two or possibly three over-
lapping levels, the widths quoted in Table 4 should be used
with some caution.
18.39, 0−. The level has only been observed in (p, p′). Its
spin-parity assignment appears firm although it is based
solely on cross-section arguments [2], while the isospin re-
mains unknown. The total width and proton width both
appear reliable.
5.3. Partial γ widths
In the following, we provide a resonant interpretation
of the observed capture cross sections that ignores the sub-
dominant direct-capture component, i.e., σγ ≈ σγ,R. With
this approximation, partial γ-decay widths can be deduced
directly from Eq. 1. For those levels where the proton
width is unknown, we adopt Γp = Γ. This effectively ren-
ders the γ-ray widths deduced for these levels lower limits.
For the purpose of estimating off-resonance contributions,
we adopt the resonance shapes shown in Fig. 7, taking
into account the energy-dependence of the γ-ray transi-
tion rate. We discuss the energy bins I–VII separately,
starting with the lowest-energy bin. The deduced γ-ray
widths are summarized in Table 5.
I). The yield in the lowest-energy bin is attributed en-
tirely to p + 10B → 2α + 3He, as confirmed by separate
measurements performed on an isotope-enriched 10B tar-
get.
II). At Ep = 2.64 MeV, the 9.64, 3− level is observed very
clearly in the 8Begs channel. The inferred cross section is
somewhat smaller than that of Hanna et al. [4], but con-
sistent within uncertainties. The cross section may be ac-
counted for by isovectorM1 transitions from the negative-
parity levels at 18.35 MeV. An isoscalar E1 transition from
the 2+ level cannot by itself account for the full cross sec-
tion, as this would require a strength of 0.0055(15) W.u.,
exceeding the upper limit of 0.002 W.u. recommended for
such transitions [20]. However, it was noted by Hanna et
al. that the angular distribution of the γ ray to the 9.64, 3−
level is suggestive of mixing between two opposite parity
levels, which provides some evidence for a sub-dominant
contribution from the 2+ level. The two events observed
in the 8Beexc channel may be attributed to α decay of the
9.64, 3− level via the ghost of the 8Be ground state, which
has been estimated to account for 2% of the α-decay inten-
sity [21]. In Table 5, we give the widths required for each
6
Table 5: Transitions observed in the present work. The direct capture component was not considered in the derivation of the partial γ-ray
widths (Γγ). For those initial levels where the proton width (Γp) is unknown, the derived γ-ray widths are lower limits. Uncertainties on Γ
and Γp have not been taken into account in the estimation of the uncertainty on Γγ .
Ep (MeV) Final level Initial levela ML Γγ (eV) Γγ (W.u.)
2.00, 2.64 9.64, 3− 18.35, 3
− M1 4.7(13) 0.34(10)b
18.35, 2− M1 1.3(4) 0.095(26)b
0.65 10.84, 1− 16.62, 2− M1 0.28–4.0c 0.070–1.00c
2.00 10.84, 1− 17.76, 0+ E1 1.11(21)d 0.0093(18)c
2.64 10.84, 1− 18.35, 2
− M1 0.75(20) 0.086(23)b
18.39, 0− M1 0.80(21) 0.090(24)b
2.00 11.83, 2− 17.23, 1− M1 4.4(14)e 1.4(4)e
2.00 12.71, 1+ 17.76, 0+ M1 8.7(19) 3.2(7)
2.64 12.71, 1+ 18.35, 2
− E1 0.77(28) 0.012(4)
18.39, 0− E1 0.81(3) 0.013(5)
aIn those cases, where several initial levels can account for the observed feeding of the final level, all initial levels are given, and the widths
are computed assuming that each transition accounts for the full cross section.
bSome evidence for a smaller contribution from an isoscalar E1 transition from the 18.35, 2+ level.
cBased on the observation of a single event.
dA substantial contribution from an M1 transition from the 17.23, 1− level cannot be ruled out.
eContributions from transitions from the 16.62, 2− and 18.13, 1+ levels cannot be ruled out.
of the two candidate transitions to produce the full ob-
served cross section. The width of 4.7(12) eV obtained for
the 18.35, 3−→ 9.64, 3− transition agrees within uncer-
tainties with the less precise width of 5.7(23) eV reported
by Hanna et al. [4]. Another estimate of this width can
be obtained by combining Γγ1 = 3.2(10) eV from Ref. [2],
with the intensity ratio Iγ9.64/Iγ1 = 0.68 from Ref. [15]
measured at θ = 55◦. This yields ∼ 2.2 eV, in reasonable
agreement with our value and that of Hanna et al. Finally,
we note that the cross section at Ep = 2.00 MeV is consis-
tent with feeding of the 9.64, 3− level via the low-energy
tails of the 18.35-MeV levels.
III). Feeding to the 10.84, 1− level is observed both at
Ep = 2.00 MeV and 2.64 MeV. At the lower proton energy,
where the level is seen very clearly, the cross section is most
readily accounted for by an isovector E1 transition from
the 17.78, 0+ level with a strength of 0.0128(25) W.u.,
which is typical for such transitions in light nuclei [20].
An isovector M1 transition from the broad 17.12, 1− level
is also a possibility, although the short measurements per-
formed at Ep ∼ 1.4 MeV and 2.37 MeV indicate that such
a transition could not be the dominant contribution at
Ep = 2.00 MeV. Assuming this were the case, we would
expect to observe 3.0–3.5 events at Ep ∼ 1.4 MeV whereas
only one event was observed (1.8σ discrepancy [22]) and
2.5–3.0 events at Ep = 2.37 MeV whereas only one event
was observed (1.3σ discrepancy). (We note that there is a
slight mismatch between the energies of the two observed
events, Ex = 11.15 MeV and 11.25 MeV, respectively, and
the energy of the 10.84, 1− level, leading to some uncer-
tainty in their interpretation.) The feeding observed in
the 8Beexc channel may be attributed to α decay of the
10.84, 1− level via the ghost of the 8Be ground state, which
has been esimated to account for 8% of the α-decay inten-
sity [21].
At Ep = 2.64 MeV, where the feeding of the 10.84, 1−
level is less pronounced, the cross section is consistent with
isovector M1 transitions from the 18.35, 2− level or the
18.38, 0− level, while an isoscalar E1 transition from the
18.35, 2+ level is ruled out because the required strength
exceeds the recommended upper limit for such transitions [20].
Finally, we note that in the short measurement per-
formed at Ep ∼ 0.65 MeV, a single event was detected in
the 8Begs channel. This event had an energy consistent
with that of the 10.84, 1− level and could be accounted
for by an isovector M1 transition from the 16.62, 2− level
with a strength of 0.070–1.00 W.u., which is typical for
transitions of this kind in light nuclei [20].
IV). At Ep = 2.00 MeV, a peak occurs in the cross section
at Ex ∼ 11.8 MeV in both the 8Begs and 8Beexc channel.
While the 11.83, 2− level provides a natural explanation
for the peak in the 8Beexc channel, this level cannot ac-
count for the peak in the 8Begs channel, which requires
a level of natural parity. At Ep = 2.64 MeV, strength is
observed in both channels, but there is no clear indica-
tion of a peak at 11.8 MeV, suggesting that the 11.83, 2−
level only makes a minor contribution to the cross sec-
tion at this proton energy. The feeding to the 11.83, 2−
level at Ep = 2.00 MeV is most naturally accounted for
by an isovector M1 transition from the 17.23, 1− level
with a strength of 1.4(4) W.u. An E1 transition from
the 18.13, 1+ level could also be contributing, but cannot
account for the entire feeding. If it did, we would expect
to observe 43(7) events at Ep = 2.64 MeV whereas only
19 events were observed in the 8Beexc channel (3.0σ dis-
crepancy). An isovector M1 transition from the 16.62, 2−
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level provides yet another potential feeding mechanism, in-
consistent only at the level of 2.2σ with the low-statistics
data collected at Ep = 0.65 MeV, but requires a rather
large strength of 5.4 W.u. to account for the entire cross
section.
We now turn to the observation of a peak-like structure
at Ex ∼ 11.8 MeV in the 8Begs channel at Ep = 2.00 MeV,
which is intriguing since no narrow levels with natural-
parity are known to exist at this energy in 12C. Unfortu-
nately, the data provide few constraints on the quantum
numbers of the level, only ruling out spins J ≥ 4: Feeding
of a 0+ level can be accounted for by an M1 transition
from the 17.23, 1− level; feeding of a 1− level by M1 tran-
sitions from the 16.62, 2− and 17.23, 1− levels or an E1
transition from the 17.76, 0+ level; feeding of a 2+ level
by E1 transitions from the 16.62, 2− and 17.23, 1− lev-
els; and feeding of a 3− level by an M1 transition from
the 16.62, 2− level. In all cases, the required strengths are
within expectations for light nuclei [20] and consistent with
the cross sections measured at the other beam energies.
The cross section measurement at Ep = 2.64 MeV also
provides limited insight into the properties of the final
level: Any of the spin-parities 1−, 2+, 3−, and 4+ can
be accounted for by more than one transition. Only a 0+
assignment seems improbable as it requires an isoscalar
E2 transition from the 18.35, 2+ level with a rather large
strength of 18(6) W.u.
V). Feeding to the 12.71, 1+ level is observed very clearly
at Ep = 2.00 MeV and also at Ep = 2.64 MeV albeit less
clearly. Some cross section is also observed in the 8Begs
channel which cannot be accounted for by the 12.71, 1+
level. The cross section obtained at the lower proton en-
ergy is about two times larger than that of Hanna et al.
Even considering the substantial uncertainty on the value
of Hanna et al., the discrepancy is significant. However,
we note that Hanna et al. relied on the γ1 yield reported
by Segel et al. [2] for normalizing their data, and this yield
disagrees with other measurements by up to 50% as dis-
cussed in Ref. [2]. Also, the (p, α0) cross section reported
by Segel et al. has recently been found to be underesti-
mated by a factor of 1.50+0.15−0.11 [8]. Taken together, these
observations cast doubt on the accuracy of the normal-
ization of the measurements of Hanna et al. indicating a
potential ∼ 50% underestimation.
As already noted by Hanna et al., the feeding to the
12.71, 1+ level at Ep = 2.00 MeV can be accounted for by
a rather strong isovectorM1 transition from the 17.76, 0+
level. Indeed, the feeding cannot be accounted for in any
other way. Adopting our larger cross section, the required
strength is 4.4(9)+2.2−1.1 W.u., making the transition one of
the strongest of its kind [20]. The feeding observed at
Ep = 2.64 MeV cannot be accounted for by the high-energy
tail of the 17.76, 0+ level, but requires an isovector E1
transition from either the 18.35, 2− or the 18.39, 0− level.
While the cross section observed in the 8Begs chan-
nel is relatively small, it is of substantial interest since no
natural-parity levels are known at Ex ∼ 12.7 MeV. There
is, however, evidence for a broad (Γ = 1.7 MeV) level at
Ex = 13.3 MeV with spin-parity 4+, the low-energy tail
of which could potentially account for the observed cross
section. This possibility will be explored further below.
VI). The excitation region Ex = 13–14.5 MeV is known
to contain a 4− level at 13.32 MeV, which decays entirely
via the 8Beexc channel, and a 4+ level at 14.08 MeV, which
decays predominantly via the 8Beexc channel (78%). Re-
cently, evidence has been found for a very broad (Γ =
1.7 MeV) 4+ level at 13.3 MeV. We observe relatively lit-
tle feeding into this region, consistent with the expected
inhibition of γ transitions that require large changes in
spin. We note that the factor of ∼ 4 enhancement of the
cross section in the 8Beexc channel compared to the 8Begs
channel appears consistent with the known decay proper-
ties of the known levels, especially if the broad 13.3-MeV
level is assumed to have a substantial decay component to
the 8Be ground state.
Only isovector E1/M1 transitions from the 18.35, 3−
level can account for the feeding to the 4± levels. How-
ever, this mechanism should produce a factor of ∼ 15 en-
hancement of the cross section at Ep = 2.64 MeV rela-
tive to 2.00 MeV, which is not observed. The discrepancy
could potentially be reduced somewhat if the asymmetric
shape of the 18.35-MeV level were taken into account, but
it seems unlikely that this can fully explain the discrep-
ancy. This suggests two possibilities: some of the cross
section observed at the lower proton energy is to be at-
tributed to (i) feeding to an unknown natural-parity level
with Ex ∼ 13–14 MeV and J ≤ 2, or (ii) feeding from an
unknown level with Ex ∼ 17–18 MeV and J ≥ 2.
VII). At both Ep = 2.00 MeV and 2.64 MeV, we ob-
serve substantial feeding to the excitation region above
14.5 MeV, especially in the 8Beexc channel. It seems nat-
ural to ascribe the majority of this cross section to the
broad level at 15.44 MeV, tentatively assigned as 2+ al-
though 0+ has also been proposed, but the feeding to this
level is problematic:
Adopting the 2+ assignment, the cross section observed
at Ep = 2.00 MeV can only be accounted for by an isovec-
tor E1 transition from the 17.23, 1− level, but we dismiss
this possibility because the required strength of 2.5(8) W.u.
exceeds the recommended upper limit of 0.5 W.u. [20] by
a factor of five. (Transitions from the levels above 18 MeV
can be dismissed because they overpredict the cross section
at Ep = 2.64 MeV.) Adopting instead the 0+ assignment,
the conclusion is the same: no transition from any of the
known levels can account for the observed feeding while
conforming to the recommended upper limits of Ref. [20].
At Ep = 2.64 MeV, the feeding can be accounted for
by a rather strong M1 transition from the 18.35, 2− level
with a strength of (at least) 0.29(9) W.u., but only if the
2+ assignment is adopted for the 15.44-MeV level.
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6. Summary and conclusions
We summarize our findings as follows: The 11B(p, 3α)γ
cross sections measured at Ep = 2.00 MeV and 2.64 MeV
give clear evidence of feeding to the four known levels
9.64, 3−, 10.84, 1−, 11.83, 2−, and 12.71, 1+, but by them-
selves these levels cannot fully account for the observed
cross sections. In particular, we find evidence for feeding
to a natural-parity level near Ex ∼ 11.8 MeV. Evidence
for natural-parity strength in this region was also found in
a previous study of the γ de-excitations of the 16.11, 2+
level [7] and in studies of the β decays of 12B and 12N [23].
The feeding to the 9.64, 3−, 10.84, 1−, 11.83, 2−, and
12.71, 1+ levels can be explained in terms of isovector
M1 and E1 transitions from the known levels above the
p + 11B threshold. The transitions proposed to account
for the feeding to the 10.84, 1− and 12.71, 1+ levels at
Ep = 2.64 MeV are of some interest, as they provide ev-
idence for significant T = 1 admixture in the 18.35, 2−
level and/or the 18.39, 0− level. It is also worth not-
ing that the larger and more precise width obtained for
the 17.76, 0+→ 12.71, 1+ transition makes this one of the
strongest M1 transition in any nucleus [20].
Higher-statistics measurements at Ep = 0.65 MeV and
1.4 MeV would be highly desirable to confirm the ten-
tative observation of M1 transitions from the 16.62, 2−
and 17.23, 1− levels, both feeding into the 10.84, 1− level.
Such measurements would also yield improved constraints
on the spin-parity of the natural-parity level observed at
Ex ∼ 11.8 MeV. For these studies, it could prove advan-
tageous to adopt a detector geometry similar to that of
Ref. [7], which allows significantly larger beam currents at
the cost of a substantial reduction of the detection effi-
ciency in the 8Beexc channel.
The interpretation of the feeding observed into the ex-
citation region above 13 MeV remains unclear, especially
at Ep = 2.00 MeV where the measured cross section could
not be explained in terms of transitions between known
levels. Here, too, additional measurements would be de-
sirable.
An analysis of new complete-kinematics data on the
11B(p, 3α) reaction, currently in progress, will provide an
improved understanding of the α1 channel. This, together
with a multi-channel R-matrix analysis that includes re-
cent data on (p, p) and (p, α0) as well as existing data on
other channels, should lead to an improved understanding
of the excitation region Ex ∼ 16–18 MeV, which may re-
quire revision of some of the conclusions drawn from the
present study.
While theoretical estimates suggest the resonant cap-
ture component to be dominant, the direct capture com-
ponent is not negligible and could in some instances make
a substantial contribution to the observed cross section.
Such direct contributions were not considered in the deriva-
tion of the partial γ-ray widths given in Table 5. Improved
theoretical calculations of the direct component would be
of significant interest. Theoretical calculations of the ra-
diative widths deduced in this work would also be of in-
terest.
Finally, we remark that the 2+ → 0+ and 4+ → 2+
transitions in 8Be contribute only at the sub-nb level to
the cross sections measured in this work, and hence can
be safely ignored.
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